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ABSTRACT 

Following a BeppoSAX alert (Piro 1999a) and the discovery of the OT at SAAO (Vreeswijk et al. 
0\ \ 1999a), we observed GRB 990510 with the FORS instrument on ESO's VLT Unit 1 ('Antu'). The burst 

is unremarkable in gamma rays, but in optical is the first one to show good evidence for jet-like outflow 
(Stanek et al. 1999, Harrison et al. 1999). We report the detection of significant linear polarization in 
the afterglow: it is 1.6 ± 0.2% 0.86 days after trigger, and after 1.81 days is consistent with that same 
G ' value, but much more uncertain. The polarization angle is constant on a time scale of hours, and may 

^ , be constant over one day. We conclude that the polarization is intrinsic to the source and due to the 

synchrotron nature of the emission, and discuss the random and ordered field geometries that may be 
C^ I responsible for it. 

Subject headings: gamma rays: bursts — polarization — magnetic fields — synchrotron radiation 



> ■ 1. INTRODUCTION detected with BATSE on Compton GRO on 1999 May 

^ ! ^, . 11 + ^,1• u J +u 4- K + ft 10.367 UT (Kippen et al. 1999), with Ulysses (Hurley 

—J. It IS now well established that gamma-ray burst after- , _ ,, / 1>^r>r^^ i -.i .i ^Tn->nT n c^^^r 

^ , ,, u f 1 <-• • ^- \i 4- iT> A and Barthelmy 1999), and with the GRBM on BeppoSAX 

rf^ , glows are the result ot relativistic blast waves (Rees and ,. ,. , , ^^^^r^N mi -nAmox^ n i ■ . /t^- n\\ 

S ■ Meszaros 1992, Meszaros and Rees 1997, Wijers, Rees, and (^mati et al 1999 . The BATSE fiux history (Fig^S) 

r^ ■ Mps/aros 1997 Sari Piran and Naravan 1998- see Piran ^^°^^ muhiple peaks, and a duration Tgo) of 68 S. The 

^ • innri f ■ \ ■*-*-■ ■ ■^ ^, 1 A- peak energy flux (25-2000 keV) was (5.19 ±0.96) x 10 " 

0> . 1999 lor a review) emitting primarily synchrotron radia- ^ _2 -i i • •, • ^.\. ^ /lo/ rat'cip 

0^ ; tion (Galama et al. 1998a,b Wijers and Galama 1999). ^J|g^^ ^^^ ^^^^^^ ■^\2.2S'± 0.07)°x^0-^^g°cm-^ plac- 

^ . Synchrotron radiation is highly polarized with typical de- . .^ .^^ ^^^ y^ ^^^ ^^^^^ distribution. Assum- 

O , ■ grees of (hnear) polarization tor ordered magnetic fields ■ tt -,^ i -i n,r -i r^ r^ r, , . 

. ■ of ^60% (Hughes and Miller 1991) and one should there- "^S ^o = ^0 ^"^ ^T ^P^ , ' ^o = ^-S, and A = 0, we 

Or J- u • J •-(•r-'TDD ^4- 1 u 1,1 deduce a peak luminosity L^ — 7.3 x 10^ erg s and 

, lore not be surprised it GRB afterglows show a measurable , , , ^ , r^ -, r, -, n=;-? /r -, ^.^ ^ 

H J- 4- 1 • -t- Tfii, u 1 i 1 1 • 11- total energy release £/^ = 1.2 X lO^'^ erg (for z = 1.62 and 

-*— > ■ amount ot polarization. II the shock takes place m a colli- . , . °- . . ^ „; , . . , , , n , , , i 

c/3 , i 1 ij3 /• i\ • 1 i i u 1 i 1 i isotropic emission . ihe time integrated fit to the entire 

— > mated outtiow (let) one might expect, by analogy to what , ,. / , ,ni-T-> i;i 1,^r^o\ 

^' . , J r • . • A/^AT J f r 1 • burst gives a peak energy (as defined m Band et al. 1993) 

• • IS observed for jets m AGNs, degrees of linear polariza- t, t- bj \ i 



.. n-in ono/ /A 1 J ci 1 inon n/r i j £^o = 147± 4 keV, placmg it m the Center of the BATSE _£„ 

tion of 10 — 20% Angel and Stockman 1980, Muxlow and ^^ ., ,. /, ^ . , , -,„„^x mi i ; • ;i r 

n ■ t- inni\ T^iT J- • 1- • ■ ^ ■ t-- -fj-i,- distribution (Malozzi et al. 1995). Ihe burst is therefore 

Garrington 1991). 1 he strong intrinsic polarization ot this i ii • , .< . ., .■ n a morn 

. • . , J, ■ ,1 , J unremarkable m gamma rays both w.r.t. the entire BAiSE 

5; emissionis lowered by averaging over the unresolved source , , , , ;, , , -,1 1 , , i r, 1 

T3 /^ . A -ixr inno ri • 1 nnn -\t A A Catalog and W.r.t. other bursts with detected afterglows. 

C^ (Gruzmov and Waxman 1998, Gruzmov 1999, Medvedev ^t^?, r^r^n^^n 1 ,11 ,1 TTm^ 1 1 t-. 

JT 1,1 AAA T 1, An 1AAo^ jj-1, f 1 GRB 990510 was located by the Wl'G on board Bep- 

andLoeb 1999, Loeb and Perna 1998), and thus tar only an ^<^^r /t^ ,- . i -,^,^^\ i •■ ^^ n i 

T •; ; i-4_ 1 1 • 4-- 1, u i /xj- 4-1, poSAX (Dadiua et al. 1999) and its X-ray afterglow was 

upper limit to afterglow polarization has been set (Hiorth , , , ,\ „ r^ . ^^ n /t^ h , i ir>or>\ mi 

et aL 1999). Here we report the results of our optical po- detected by BeppoSAX as weh (Kuulkerset al 1999). The 

larimetric observations of the afterglow of GRB 990510, P"^^^^^ V^LTtP ^'^^o^^^T^ '' .t = ^^^^^^^J^^' 

-I , -I r. . ■ inf J 4- 4- • -c 4- DEC = -80 29 .5 (equinox 2000.0), with an error radius 

one and two days after trigger. We detect significant po- ^„ . , ,_.^ 1r^,^r^ \ ttlt-.{ \^ -, . ^ 

, . , . J . ?,° . -4- J J -i- of 3 arcmmutes (Piro 1999a). With the 1-m telescope at 

larization on day one, similar m magnitude and position , o , i a <■ • a • i ^i , /r^ a a ^n 

, , ,, , 1,4- • J 1, n • 4-1 /iAAA\ 4-1, 4- tfie South African Astronomical Observatory (SAAO) we 

angle to the value obtained by Govmo et al. (1999) that , , i • • ;, • , nj- ,>. r,r, i i 

. , , started imaging the error region at May 10.72, roughly 

m, ; . . r r-innnnncin 8.5 hours after the burst. Comparison with the Digitized 

ihe prompt gamma-ray emission from GRB 990510 was r,,, r^ , , . V i i • t-. a 

Sky Survey revealed a previously unknown object at RA 
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= 13h38m07.62s, DEC = -80°29'48.8" (Vreeswijk et al. 
1999a). Following the identification we took low-resolution 
spectra at the VLT of the optical transient (OT), setting 
a lower limit to the rcdshift of z = 1.619 ± 0.002 through 
the identification of rcdshifted absorption lines (Vreeswijk 
et al. 1999b). Numerous photometric observations show 
that the light curve is well-described by a power law with 
a break occurring about 1.5 days after the burst (Stanek 
et al. 1999, Harrison et al. 1999; Fig. ||), which may be 
the result of beaming (Rhoads 1999, Meszaros and Rees 
1999, Sari et al. 1999). 

We report our polarimetric analysis and its results in 
Sect. 0, discuss possible interpretations in Sect. 0, and then 
summarize our findings. 

2. POLARIMETRIC OBSERVATIONS 

Optical polarization observations of GRB 990510 were 
obtained with the FOcal Rcduccr/low dispersion Spec- 
trograph 1 (FORSl) on the European Southern Obser- 
vatory's (ESO) 8.2-m Antu telescope (VLT-UTl) on 1999 
May 11.228 UT and May 12.17 UT. The polarization op- 
tics consist of a phase retarder plate mosaic and a WoUas- 
ton prism. A mask producing 20" wide parallel strips was 
used to avoid overlap of the ordinary and extraordinary 
components of incident light. The CCD has 2kx2k pixels 
of 0'.'2 size. Each observation consisted of three Bessel R 
10 minute exposures centered on the position of the op- 
tical transient (Vreeswijk et al. 1999a). Each exposure 
was obtained at a different phase retarder angle; we used 
a half wavelength plate for the determination of the lin- 
ear polarization. We also measured the polarimetric stan- 
dards BD-13°5073 and BD-12°5133 (Wagner and Szeifert 
1999) on both nights. For BD-13°5073 we find (P, 6*) = 
(4.90±0.08%,161.6±0.5°), compared with (P, 6*) = (4.61± 
0.03%, 151.0 ± 0.7°) by Wagner and Szeifert, and for BD- 
12°5133 we find {P,9) = (5.07± 0.13%, 155. 7± 0.7), com- 
pared with {P,d) = (4.33 ±0.03%, 148.0 ±0.7°). Since the 
standard values were measured in B band (Szeifert, pri- 
vate communication), and P is chromatic, we regard the 
agreement as satisfactory. 9 is hardly color-dependent, so 
the mean offset between the standards and our measured 
values of 9.2 ± 1.5 degrees is real; all values quoted for the 
OT below are corrected for this amount of instrumental 
polarization. The typical seeing on May 11 and May 12 
was I'.'O and 2'.'5, respectively. Details of the observations 
are given in Table |l|. 

The CCD frames were bias subtracted and flat fielded 
with the NOAO IRAF package in a standard way. The lin- 
ear polarizations and the polarization angles of the optical 
transient and 23 field stars were calculated from each of 
the images using standard equations (Ramaprakash 1998). 
We determined the Stokes parameters Q and U of the op- 
tical transient relative to these field stars, which corrects 
for possible instrumental and (local) interstellar polariza- 
tion. No systematic variations of the field star polariza- 
tions with position on the CCD or magnitude were found. 
We therefore reference the OT Stokes parameters to the 
accurately determined mean of the field stars, so the errors 
in the OT photometry dominate the error in the polariza- 
tion measurement. 

On May 11 we measure Q = (1.05 ± 0.04)%, U = 
(—0.68 ± 0.03)% for the weighted mean Stokes parame- 
ters of the field stars (using aperture photometry). Cor- 



recting the measured Q = (-0.28 ± 0.18)% and U = 
(-1.52 ± 0.26)% of the OT with these numbers we find 
QoT = (-1.33 ± 0.18)%, UoT = (-0.84 ± 0.26)%, cor- 
responding to a linear polarization of (1.6 ± 0.2)% at a 
position angle = 98 ± 5 degrees. Gaussian PSF-fitting 
photometry was also performed on the OT and field stars 
using the DAOPHOT II package (Stetson 1987) and the 
ALLSTAR procedure in MIDAS. Combined with an alter- 
native polarization analysis method (di Serego Alighieri 
1997), we find P = (1.6 ±0.2)% and 9 = 96 ±4 degrees, in 
very good agreement with the result obtained using aper- 
ture photometry. 

Covino et al. (1999) found that on May 11 (~ 2 hours 
before our observations) the afterglow of GRB 990510 
showed linear polarization at the level of (1.7 ± 0.2)% 
with a position angle 9 — 101 ± 3 degrees, relative to the 
stars in the field (values corrected from their preliminary 
report; Covino, private communication, and Covino et al. 
1999). So in two hours, the polarization shows no evidence 
of change. 

On May 12 the optical transient was 1.2 magnitudes 
fainter {R— 20.65), and the observing conditions were 
much worse: overhead cirrus and a seeing of 2'.' 5. We 
applied the same procedure to the May 12 data, except 
that we used a smaller aperture and a fixed position of the 
OT (from the previous data) to minimize the contribution 
from a star 4" away. We find for the comparison stars 
Q = (1.06 ±0.04)% and U = (-0.38 ±0.04)%. Correcting 
the measured Q = (0.1 ±0.9)% and U = (-2.0 ±1.2)% we 
find QoT = (-1.0±0.9)%, C/qt == (-1.6±1.2)%. Since U 
and Q are determined from small differences in very high 
signal-to-noise detections of the OT, their errors will be 
approximately normally distributed. We therefore evalu- 
ated the mean value and 68% confidence interval for P and 
9 by Monte Carlo drawing many realizations of U and Q, 
computing P and 9 for each, and inspecting the resulting 
distributions of P and 9. The result is that P = (2.2lJ;g)% 

and 9 = 112t|^g degrees. This gives the impression that 
P = is fairly well excluded. However, the simulations 
show that if we had measured an unpolarized source with 
the same precision in U and Q we would have had an 11% 
chance of measuring P > 2.2%, so our detection is not very 
secure. Using PSF photometry, we find for this data set 
QoT = (-2.5±2.6)% and Uqt = (-3.6±2.6)%, consistent 
with the aperture values, and resulting in P = (5.2;t2'2)^ 
and 9 — 99^Jg degrees (and a 12% chance probability). 
The larger error is mostly due to the poorer seeing in the 
presence of a nearby star. This leads to some problems 
in the measurement that are not readily quantified as a 
random error, so we consider our measurement on night 2 
as tentative. The polarized flux is plotted in Fig. S, along 
with the R band light curve of the OT. 

3. ORIGIN AND IMPLICATIONS OF THE POLARIZATION 

Some (constant) polarization in the afterglow could be 
generated by dust scattering by the host's interstellar 
medium. For dust scattering to polarize the light even by 
a few percent, at least that fraction of the light must have 
been scattered. This requires a path length of many par- 
sees, which would cause a time delay of months between 
the (scattered) polarized light and the direct light, and 
thus could not cause polarization within a day of the GRB 



trigger. Electron scattering in the GRB itself could also 
lead to some polarization, as was seen, e.g. in SN1998bw 
and attributed to asymmetries in the photosphere (Kay 
et al. 1998). The degree of polarization could never be 
more than the electron scattering optical depth, however, 
which is typically never more than 10"^ after a day or so. 

Intrinsic polarization is expected from any synchrotron 
source: Pmax '^ 60% is normal from an emitting region 
with one direction of the magnetic field. However, the net 
polarization from an unresolved source will still be small 
if the direction of the polarization averages out. There 
are two possible reasons why the polarization might aver- 
age out to nearly zero: highly tangled magnetic fields and 
very highly symmetric field geometries. We now examine 
the consequences of both for our measurements and their 
interpretation. 

The magnetic field could be highly tangled, with only 
small-scale structure, if it is generated by some form of tur- 
bulence. We can think of this case as a source that consists 
of N patches within which the field has a single coher- 
ent direction, but no correlation between the patches. In 
that case, we expect a net polarization of order Pmax/vN- 
Gruzinov and Waxman (1998) considered a turbulently 
generated magnetic field, which has such a small scale 
that it would not likely leave a net polarization. How- 
ever, they suggested that the coherence length of the field 
might grow, and the net polarization could be a few to 
ten percent. Loeb and Perna (1998) suggested that mi- 
crolensing might amplify a few cells briefiy, making the 
net polarization comparable to the value for a single cell 
for a short time. 

A more ordered field was discussed by Medvedev and 
Loeb (1999), who consider the generation of a magnetic 
field parallel to the shock front. Due to aberration, it 
would be parallel to the ring-like image that the after- 
glow presents at late times (Panaitescu and Meszaros 1998, 
Sari 1998), causing a radial polarization. The mean po- 
larization of the image would still be zero for a spheri- 
cal blast wave, due to averaging over the unresolved ring. 
Medvedev and Loeb (1999) suggest that interstellar scin- 
tillation will cause polarization by selectively magnifying 
part of the source; however this scintillation only occurs 
at radio wavelengths, so it cannot explain the optical po- 
larization. 

If the symmetry of the emission itself is broken on the 
scale of the source, significant net polarization will result 
(Gruzinov 1999). There are good indications of asymme- 
try in GRB 990510: the light curve in optical steepens 
after about 1.5 days in a wavelength-independent manner 
(Stanek et al. 1999, Harrison et al. 1999; Fig. |). Such 
a steepening would be well explained by beaming: when 
a burst is caused by a jet-like outflow with opening an- 
gle 9, the light curve steepens around the time when the 
Lorentz factor of the jet goes from F > 9^^ to F < 9^^ 
(Rhoads 1999, Meszaros and Rees 1999). Let our line of 
sight lie within the jet cone, but away from the jet axis. 
As long as F >> 0~^ we see the blast wave as if it were 
spherical, hence the polarization is zero. As the jet slows 
down, we see the edge of the jet, causing asymmetry and 
net polarization at about the same time as the light curve 
steepening sets in. The direction of the polarization is 
constant, because it is fixed by the geometry of the beam 
relative to our line of sight. At late times, the polarization 



will decrease again, because the emission opening angle 
becomes much bigger than our offset from the center of 
the beam, reducing the asymmetry. So for polarization 
due to jets, we expect the polarization be strongest near 
the time of the break in the light curve. Note that because 
the effect of an ordered field could add up over the source, 
as opposed to the random case, an ordered field need not 
be nearly as strong as the random field to dominate the 
net polarization. 

The way to distinguish random- and ordered-field in- 
terpretations of the polarization, then, is to look at the 
behavior of the polarization angle. If it is constant, this 
argues in favor of an ordered field; if it varies then the field 
is more likely to be random. Our data compared with the 
measurement of Covino et al. (1999) shows a constant po- 
larization for two hours. Gruzinov and Waxman (1999) 
estimate that for the conditions on night 1, i.e. a polariza- 
tion of 1.6% at 0.86 days since trigger, the variation time 
scale of the polarization for a random field should be about 
0.25 days. This is sufficiently larger than the two-hour in- 
terval in the data to make a random field consistent with 
the measured constancy. For N identical patches, each 
with an intrinsic polarization of 60%, we find that some 
1100 patches will give an expectation value for the net po- 
larization equal to what we measure. But the distribution 
of net polarizations is broad for any N, and the 68% likely 
range is A^ = 240 — 2600. If the measurement on night 2 
is taken at face value, it means that the polarization angle 
is constant over 1.0 days, rather longer than the predicted 
coherence time, and thus that an ordered field is preferred 
over a turbulent one. Given the problems with those data, 
we would rather consider this tentative inference an illus- 
tration of what we can learn with present instrumentation, 
under slightly more favorable conditions. 

4. CONCLUSIONS 

We have measured significant polarization in the after- 
glow of GRB 990510, which was an unremarkable burst in 
its gross gamma-ray and optical properties, but notable 
for providing good evidence of beaming. 0.86 days after 
trigger, we find (P — 1.6 ± 0.2)%, and a day later we 
marginally detect polarization at a similar level. We con- 
clude that the polarization is not due to interstellar or 
intra-source scattering and attribute it to the synchrotron 
radiation from the blast wave itself. The polarization is 
constant between our data and those taken 2 hours earlier 
by Covino et al. (1999), and the detection in the second 
night is not good enough to check its variation over a one- 
day period. The data are consistent with both random 
fields and ordered field as sources of the polarized flux. 
For a random field, we model the source as consisting of 
a number of independent patches, identical in everything 
but orientation of the field. We then find that 240-2600 
patches are needed to bring the net polarization down from 
its intrinsic value of 60% in each patch to our measured 
1.6%. We also show that future studies of polarization 
variations can provide further information about the struc- 
ture of the magnetic field, especially about the presence of 
an ordered component. 



We are grateful to E. Carretti, L. Kaper and V. Rad- 
hakrishnan for helpful discussions. 
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Table 1 
The log of the observations. The observations were 

PERFORMED WITH THE 8.2-M AnTU TELESCOPE, IN 

STANDARD RESOLUTION (0.2"/pIXEL) . 'ANGLE' IS THE 

RETARDER ANGLE, FOR EACH STANDARD OBSERVATION ALL 

ANGLES WERE DONE (0,22.5,45,67.5). 
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Fig. 1. — Time history of GRB 990510 integrated over the four 
BATSE discriminator energy channels (25 keV - 2 MeV) at 64 ms 
time resolution. 
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Fig. 2.— The Ught curve of GRB 990510 in R. Full symbols 
give the total flux (Axelrod et al. 1999, Galama et al. 1999, Stanek 
et al. 1999, Vreeswijk et al. 1999a, Covino et al. 1999b,c, Bloom 
et al. 1999, Lazzati et al. 1999, Marconi et al. 1999a,b) and show 
the break in the decay at about 1.5 days. Open symbols give the 
polarized flux in R, obtained by multiplying the total flux by the 
percentage polarization, square: polarization from Covino et al. 
1999; hexagons: our data, aperture photometry; star: our data, psf 
photometry (see text). 



